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Nucleon sigma term and quark condensate in nuclear matter 
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Abstract. We study the bound nucleon sigma term and the quark condensate in nuclear matter. In the 
quark-meson coupling (QMC) model the nuclear correction to the sigma term is small and negative, i.e., 
it decelerates the decrease of the quark condensate in nuclear matter. However, the quark condensate in 
nuclear matter is controlled primarily by the scalar-isoscalar a held. Compared to the leading term, it 
moderates the decrease more than that of the nuclear sigma term alone at densities around and larger 
than the normal nuclear matter density. 
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1 Introduction 

One of the most challenging questions in nuclear physics is 
whether or not the properties of nucleon and hadrons are 
modified in nuclei A number of pieces of evidence, 

such as the nuclear EMC effect [3], the quenching 
E] (enhancing jj|) of the space (time) component of the 
axial coupling constant in nuclear (3 decays, the missing 
strength of the response functions and the suppression of 
the Coulomb sum rule [H], have stimulated investigations 
of this question. In particular, to focus on the change of 
the internal structure of the nucleon (hadrons) is very ap- 
pealing in the light of an approach based on QCD. 

In addition to the recent experimental evidence for the 
vector meson mass shifts in nuclei some important 

hints concerning the change of the internal structure of 
a bound nucleon has been reported in measurements of 
the electromagnetic form factors of a proton in 4 He |llj . 
The analyses suggest a reduction of the bound proton's 
electric to magnetic form factor ratio, where most of the 
conventional, sophisticated approaches employing the free 
proton form factors ^2] fail to explain the observed ef- 
fect. (See Ref. for an exploration of a conventional 
mechanism which might explain at least some of the ef- 
fect. We note, however, that for the moment that approach 
is hampered by a lack of experimental data to pin down 
the input parameters.) Indeed, excellent agreement with 
the data is achieved when the small correction associated 
with the change of the internal structure of the bound 
proton (which had been predicted long before the ex- 
periments) is included. 

Up to now, some models such as the quark-meson cou- 
pling (QMC) model [T51ll6lll7| and Nambu-Jona-Lasinio 
model ^H]i have opened possibilities to understand the 



change of the nucleon internal structure in nuclei based 
on quark degrees of freedom. However, it is important to 
explore other ways to study the change in the internal 
structure of the bound nucleon through various nuclear 
phenomena. 

In this note, we study the bound nucleon sigma term, 
which has a direct connection with the QCD Hamiltonian 
via Feynman-Hellmann theorem |19|. First, we study the 
density dependence of the nuclear correction to the sigma 
term in the QMC model 15, 16 . Next, we study the influ- 
ence of the nuclear correction that arises from the sigma 
term on the quark condensate. 



2 Bound nucleon sigma term 

For the ground state of uniform, nucleon density p B with 
A nucleons and volume V (p B = A/V), the nuclear sigma 
term a a and the bound nucleon sigma term a* N may be 
defined by |2fll5T125| . 



a A = Aa* N (p B ), 



1 3 

6 a=l 



< A( Pb )\[QI,[QIH QC d]]\A(pb) > 



-<0\[Ql[Q a 5 ,H QCD ]}\0>}, (1) 
= Vp B 2m q [< A(p B )\qq\A(p B ) >-< 0\qq\0 >],(2) 

where is the weak axial charge with isospin a, and 
Hqcd the QCD Hamiltonian with the current quark mass, 
m q = \{m u + m<p - 1 

Feynman-Hellmann theorem [T|5], we get 

d 



2 {m u + rrid)i an d 11 = ^{ uu + dd). Applying the 



A<r* N (p B ) = m 



9 dm. 



[< A{ Pb )\Hqcd\A{ Pb ) > 
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< 0\H QCD \0 >], (3) 



V p B m q ^-[m N (m q ) + e B (m q ,p B )] , (4) 



A[(JNfree + S(7n(Pb)], 



(5) 



where (J N free = 

(empirical value : 



v q dm is the free nucleon sigma term 
45 MeV |23|), Sa* N (p B ) = *" d ^ m ^ 



1 dm q 

the nuclear correction to the sigma term, and e B (m q , p B ) 
the binding energy per nucleon. At present, e B (m q , p B ) 
which contains the contributions from the nucleon kinetic 
energy and N-N interaction etc., can only be calculated in 
a model dependent way. Note that our focus concerns the 
dependence on the current quark mass m q |19j , which has 
a direct connection with the QCD Hamiltonian through 
Eqs. It may be contrasted with the calculation 

of the quark condensate in nuclear matter l24,25,2 6Tl27) . 
which will also be studied later. For later convenience we 
recall the saturation conditions for nuclear matter: 



de B (m q ,p B ) 



dp B 



0, 



Pb=Po 

e B (m q , p B = po) = -15.7 MeV. 



(6) 
(7) 



Now we study the density dependence of the nuclear 
correction to the nucleon sigma term 5a* N (p B ) in Eq. (J5J. 
Generally, models for nuclear matter based on quark de- 
grees of freedom contain coupling constants, gj{m q )(j 
1 . '2. ... . . which depend on the current quark mass m q . 

These coupling constants are determined so as to satisfy 
the saturation conditions Eqs. © and (JJJ for a chosen 
value of m q . This also fixes the function s(m q ,p B ) as a 
function of m q . Of course, since in nature we have only 
one set of quark masses, which lead to nuclear saturation 
at the correct place, it is not appropriate to include the 
variation of gj with m q in calculating the nuclear sigma 
term. 

In the following we use different versions of the QMC 
model (QMC-I [E], and QMC-II [E] with parameter set 
B), and study the density dependence of the nuclear cor- 
rection 5o* N (p B ). We use the standard parameters, m q = 5 
MeV, and the free nucleon bag radius Rm = 0.8 fm (all 
the corresponding parameters, values for the coupling con- 
stants can be found in Refs. [2Tll5Ulfi| ). Thus, we suppose 
that m q = 5 MeV is the value in the QCD Hamiltonian. 

First, we show in Fig. ^ the nuclear correction to the 
sigma term, 8a* N (p B ), together with the binding energy 
per nucleon, e B = E/A — TOjv (saturation curve) calcu- 
lated in QMC-I and QMC-II. The negative contribution 
of the nuclear correction to the sigma term agrees with 
the result [22 based on the 2-body N-N interaction using 
the Skyrme model, although the correction is small in the 
present case. In Refs. |25U2rJ| . an effective density depen- 
dent sigma term was introduced. Although they estimated 
the m q dependence of the meson masses appearing in the 
N-N interaction, in order to calculate the in-medium quark 
condensate, the calculation was not based on QCD but in- 
stead was rather qualitative. We do not attempt to make 
such an estimate for the variation of the masses of the 
meson fields. 
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Fig. 1. Nuclear correction to the bound nucleon sigma term 
(8a fj), and the binding energy per nucleon (sb = E/A — mjv), 
where po = 0.15 fm -3 . 
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Fig. 2. The nuclear matter to vacuum quark condensate ratio. 
All results are obtained with crjv/ree = 45 MeV |23|. 



3 Quark condensate in nuclear matter 

Next, we discuss the quark condensate in nuclear matter. 
The quark condensate and the nuclear sigma term are re- 
lated through Eqs. © - ® - Using the Gell-Mann-Oakes- 
Rcnncr (COR) relation, the nuclear matter to vacuum 
quark condensate ratio is given by: 



Qo 



< PB\qq\p B > 

< 0\qq\0 > 



1 



PB- (8) 



Without 8a* N (p B ) above, it is the usual leading term re- 
sult. 

We show in Fig.[21the nuclear matter to vacuum quark 
condensate ratio calculated via Eq. ©. The solid line 
is the leading term with the free nucleon sigma term, 
CNfree = 45 MeV while the dotted and dash-dash- 
dotted lines are those calculated with the bound nucleon 
sigma term cr* N in QMC-I and QMC-II. As expected from 
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the results for the bound nucleon sigma term, the influ- 
ence of Sox to the ratio is very small. (The full results 
will be discussed below.) 

In the QMC model, nucleons interact through the self- 
consistent exchanges of the scalar-isoscalar (er), vector- 
isoscalar (u/), and vector- isovector (p) meson mean fields, 
which couple directly to the quarks inside the nucleons. 
In principle, although the masses of the meson fields in 
QMC will also depend on the current quark mass m q , this 
is not a feature of the model. Thus, in the QMC model 
the other nuclear correction to the quark condensate, aside 
from the bound nucleon sigma term, is expected to arise 
from the scalar-isoscalar a field. Indeed, the full expression 
for the nuclear matter to vacuum quark condensate ratio 
in QMC-I is given by [21], 



Qo 



= i 



&Nfree + 8<7* n {Pb) ( TTl 



9a 



(9*<r), (9) 



where a is the mean value of the scalar-isoscalar a field in 
nuclear matter. For QMC-II, one may replace in Eq. © 
m a — > m* which depends on density or a but not on m q 
explicitly. This expression, which is obtained using the 
self-consistent equation for the a field, may be a charac- 
teristic feature of the QMC model. The quark conden- 
sate in nuclear matter is directly connected to the scalar- 
isoscalar a field, which plays an important role in describ- 
ing the properties of nuclear matter and nuclei. This may 
not be a trivial result. Note that the differences between 
the present expression and that in Ref. 27 j arise because 
the present one does not contain the terms involving the 
derivative of the quark-meson coupling constants with re- 
spect to nig. 

Next, we show in Fig. [21 the full results of Eq. JJJJ in 
QMC-I (the dash-dotted line) and QMC-II (the dashed 
line). In both versions of QMC, the scalar-isoscalar a field 
largely moderates the decrease of the quark condensate 
relative to the leading term. In Refs. (25126) . although 
the m q dependence of the exchanged mesons in the N- 
N interaction was estimated qualitatively, they also got a 
similar, concave shape of the density dependence for the 
ratio. 



4 Summary 

To summarise, it is shown that the nuclear correction to 
the bound nucleon sigma term is negative, and decelerates 
the decrease of the quark condensate in nuclear matter. 
However, the magnitude is small and so is its effect on 
the quark condensate. The quark condensate in nuclear 
matter is predominantly controlled by the scalar-isoscalar 
a field in the QMC model. It moderates appreciably the 
decrease of the condensate relative to the leading term 
at densities around and larger than the normal nuclear 
matter density. 
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